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I. INTRODUCTION 
The history of the defect solid state begins with 
one of the most famous controversies in the annals of 
chemistry. In 1803» Claude Louis Berthollet, an imaginative 
chemical theorist, published his famous book "Essai de 
Statique Chimique** in which he expanded his ideas on such 
timely subjects as the effect of concentration on the posi­
tion of chemical equilibrium and the general lack of 
stoichiometry in chemical compounds. 
Although Berthollet was a fine theoretical chemist, 
his abilities as an analytical chemist did not rank with 
those of Joseph Proust, who was perhaps the finest analyst 
of the day. In a number of cases, Proust's careful analysis 
of compounds reported by Berthollet as being nonstoichiometric 
showed that in fact the proportions of the elements were 
perfectly normal. Thus Proust was able to point out inaccur­
acies in Berthollet*s position, thereby winning a victory in 
the controversy and simultaneously establishing the Law of 
Definite Proportions. Proust's position was further strength­
ened by a natural extrapolation of John Dalton's atomic theory 
which was formulated in 1808. 
The concept of stoichiometric unbalance laid dormant 
until Kurnakow's (1914) work reopened the issue. His 
measurements of such physical properties as melting points. 
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electrical conductivity and thermoelectric power showed the 
existence of changes in slope or singularities occurring at 
compositions that did not necessarily coincide with the 
compositions assigned to intermediate phases of rational 
formula. He proposed the idea of inherently nonstoichio-
metric compounds in relation to intermetallic phases and 
described them as bertholides to distinguish them from the 
daltonides which have a definite simple stoichiometric 
composition. 
The early investigations of diffusion of gold in 
lead by Roberts-Austen (1896) and the study of the conduc­
tivity of ionic halides by. Tubandt and Eggert (1920), 
Tubandt (1921) and Tubandt sï. âi* (1931) gave rise to 
questions concerning the structure of nonstoichiometric 
solids. Theoretical investigations by Prenkel (1926), 
Wagner and Schottky (1930)» Schottky (1935)» Jost (1937) 
and Mott and Littleton (1938) showed that if vacancies were 
assumed to be present in the lattice, solid state reactions 
such as diffusion and ionic conductivity could be explained. 
At least two well-recognized types of processes by which 
lattice vacancies can be formed have been described: Prenkel 
(1926) proposed that in certain crystal structures a number 
of ions might be removed from their normal sites and dis­
placed to interstitial positions in the lattice, and Schottky 
(1935) proposed that ions could be removed from their normal 
3 
sites to the surface of the crystal thereby producing a 
vacancy at the normal site. 
Perhaps the most important contribution to the 
subject of nonstoichiometry was the classic paper by Wagner 
and Schottky (1930) on the statistical thermodynamics of real 
crystals. This clarified the role of intrinsic lattice 
disorder as the equilibrium state of the stoichiometric 
crystal above 0°K. and led to the conclusion that equilibri­
um between a multicomponent, non-molecular type crystal 
and its constituents is statistical and by no means unique. 
This paper gave a sound scientific basis to the ideas of 
nonstoichioraetry in chemical compounds and gave a background 
against which to view the experimental facts. 
The wide variety of magnetic, optical and electronic 
properties attainable in the vast number of nonstoichio-
metric compounds known today has aroused the curiosity of 
many investigators and stimulated extensive research and 
development in this area. Not only have these materials 
become important in the computer and microwave branches of 
the electronics industry but they have also assumed great 
importance in theoretical solid state physics. Thus we find 
that through his mistakes and imaginative approach to 
chemical stoichiometry, Berthollet was able to carve a niche 
into the history of the solid state that has developed into 
one of the widest avenues of research today. 
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There are many compounds, especially among crystal­
line inorganic solids such as metallic oxides, which do not 
follo^ir the Law of Definite Proportions. Thus when the anion 
to cation ratio in an ionic solid can be made to vary under 
the proper conditions only a slight amount of curiosity is 
usually aroused. However, when the ionic solids involved 
have hitherto been considered to have an exact stoichioraetry 
and a high stability the initial curiosity immediately becomes 
a full-fledged interest. If it is then found that one or 
more of the physical properties have been greatly altered by 
the change in stoichiometry the interest quickly develops 
into a research project. This was essentially the chronology 
of events leading to the present study of a new type of non-
stoichiometric rare-earth* oxide. 
Large amounts of spectral, chemical and magnetic 
evidence indicate that the electronic configurations of the 
atoms and ions of the rare-earth elements are as shown in 
Table 1, Asprey and Cunningham (196O). The characteristic 
oxidation state of the group is 3"*" and the occurrence of the 
2^ state in europium and ytterbium and the state in terbium 
and cerium can be explained by elementary quantum theory 
*In this work, the author will include as rare-earth 
elements scandium, yttrium, and the elements of atomic 
numbers 57 through 71» while those elements 57 through 71 
will be referred to as lanthanides in accordance with the 
nomenclature recommended by the International Union of Pure 
and Applied Chemistry (i960). 
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Table 1. Outer electronic configurations of the free atoms 
and common ionic species of the rare-earth elements 
Element Free Atom M2+ 
La . 5d^ 6s^ - CXe] -
Ce 4f^ 5d^ 6s^^ - Z4.fl [Xe] 
Pr 4f^ 6s^ - i|.f2 4f^ 
Nd 4f^ 6s^ I|,f3 4f^ 
Pm 4f^ 6s^ - -
Sm 4f^ 6s^ i4.f6 2|.f5 -
Eu 4f7 6s^ 4f7 4f6 -
Gd ^f"^ 5d^ 6s^ - Zj.f7 -
Tb 4f^ 5d^ 6s^ ° - 4f8 
4f^° 6s2 
-
4f9 -
Ho 6s^ - 4fl0 -
Er 4fl2 6s2 - Z,fll -
Tm 4fl3 6s^ i^fl2 -
Yb 4f^^ 6S2 z,fi3 -
Lu 4f^^ 5d^ 6s^ -
-
Se [Ar] 4s^ 3d^ - [Ar] -
Y [Kr] 5s2 4d^ - [Kr] -
^Only the electrons outside of the xenon core are 
given for the free atoms of the lanthanide elements. 
^Martin (1963). 
^Bender si. al* (1964). 
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which indicates that there is a special type of stability 
associated with the empty, half-filled and filled 4f level. 
A similar but less pronounced effect is also observed in 
metal atoms of the regular transition series. However, this 
argument stretches the imagination when one notes that 
samarium, thulium and neodymium form dipositive oxidation 
states and praseodymium and neodymium form tetrapositive 
states. These states have a reasonable stability - but 
significantly less than that of Ce^^, Eu^^, Tb^^ and Yb^^ -
and to say that just the approach to an f®, f"^ or f^^ 
configuration alone favors their occurrence is an extrapola­
tion of questionable validity. 
Under the proper conditions, all of the rare-earth 
elements form sesquioxides, REgO^, which exhibit some of the 
highest free energies of formation known. The sesquioxides 
of the rare-earth elements that do not show multivalence 
have been shown by Wendlandt (1958, 1959a, 1959b) and 
Wendlandt and Love (1959) to have an oxygen to metal ratio 
of 1.500 when prepared by decomposing an appropriate salt 
(e.g., oxalate, fluoride or chloride) at elevated tempera­
tures in air. 
Each of the sesquioxides occur in one or two of three 
polymorphic forms: A, B or C. The A-type polymorph was 
first characterized as hexagonal by Zachariasen (1926) and 
is the stable form of the oxides with the largest cationic 
radius (i.e., La, Ce, Pr and Nd). The B-modification has 
been described as monoclinic by Cromer (1957) and is the 
stable high temperature form of the sssquioxides of the 
elements samarium, europium, gadolinium and terbium. The 
oxides of these elements can also be prepared as the 
apparently metastable C-type polymorph which has been 
described by Pauling and Shappell (1930) as a cubic "bixbyite 
structure. Only this cubic C-form is observed in the ses-
quioxides of the smallest radii rare-earth elements beyond 
terbium and including yttrium and scandium, with the possible 
exception of dysprosium in which the reported appearance of 
the B-form may be due to the present of impurities. 
The "bixbyite" structure of the C-type sesquioxides, 
which will be of primary interest in this study, has been 
confirmed by neutron diffraction studies performed by 
Koehler ^  al* (1958) and by Pert (1962). The structure 
may be idealized as that of fluorite with 2^% of the anion 
sites unoccupied in an ordered manner which results in a 
unit cell dimension twice that of fluorite - i.e., eight 
pseudo-fluorite cells are present in each unit cell of the 
sesquioxide. These inherent oxygen vacancies occur in pairs 
such that each pseudo-fluorite cell contains two vacant 
anion sites. These vacancy pairs are arranged so that 75^ 
occur along the face diagonals of the anion cubes while the 
remainder are found along the body diagonals. As a result of 
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this distribution of inherent oxygen vacancies all of the 
cations are six-coordinated with 2^% being surrounded by a 
nearly regular octahedron of oxygen ions and 75% being 
associated with a highly distorted octahedral environment of 
oxygen ions. 
The major magnetic properties of a substance are 
determined by the spin and orbital motion of its atomic 
electrons. When a material is repelled from a magnetic 
field it is said to be diamagnetic. Diamagnetism results 
when pairing of all atomic electrons nullifies their 
individual contributions. The ions Sc^"*", La^^, Lu^"*"? 
Yb^"*" and Ce^^ are diamagnetic. 
If a substance is attracted to a magnetic field with 
a force proportional to the field it is considered to be 
paramagnetic. Paramagnetism results when unpaired atomic 
electrons provide each atom with a permanent magnetic moment. 
In an applied magnetic field the net magnetic moment of a 
paramagnetic specimen is determined by the number of atomic 
moments aligned parallel to the field. A statistical treat­
ment of the alignment produced by the field in the presence 
of thermal disorienting processes shows that the magnetic 
susceptibility of paramagnetic materials should be inversely 
proportional to the absolute temperature. All of the rare-
earth ions other than those mentioned above possess permanent 
magnetic moments and are paramagnetic. 
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Since the electrons are well shielded from 
surrounding electric fields by the overlying 5s and 5p 
levels, both their orbital and spin motions contribute to 
the magnetic moment. The observed permanent moment results 
from an appropriate coupling of these components. The actual 
magnitude of the moment depends upon the separation of the 
energy levels as compared to kT. When the proper considera­
tions are given to the energy separations it is found that 
the theory of Van Vleck (1932) agrees very well with the 
experimental data. 
The impetus for this study was provided when an 
examination of rare-earth metal - rare-earth oxide equilibria 
showed that under strongly reducing conditions the oxygen to 
metal ratio of the rare-earth sesquioxides could be lowered 
from 1.500 and that the resulting partially reduced rare-
earth sesquioxides* exhibited optical and magnetic properties 
quite different from those of their parent sesquioxides. In 
contrast with the normal rare-earth sesquioxides which are 
white or pale shades of brown, pink, blue or green, it was 
found that fused samples of all of the PERES-oxides are 
black while finely divided samples of these materials suspend­
ed in a medium such as clear silicone oil are deep violet, 
^Hereafter in this work, the author will refer to the 
rare-earth oxides with an oxygen to metal ratio of less than 
1.500 as partially reduced rare-earth sesquioxides and will 
abbreviate this to PERES-oxides. 
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blue, black or red. In addition, when a preliminary 
examination of the magnetic properties of the PRRES-oxides 
revealed that their magnetic character was considerably 
different from that of their respective sesquioxides, it 
was decided that further investigation of these materials was 
warranted. 
When a study was undertaken to determine the nature 
of the PRRES-oxides it was decided that an investigation of 
their magnetic properties would provide much valuable 
information. It was also realized that in order to interpret 
the magnetic data it would be necessary to use x-ray and 
density measurements to establish whether the reduction of 
the oxygen to metal ratio had been accomplished by the 
removal of oxygen from the lattice or by the introduction of 
interstitial metal ions. The study was limited to the 
oxides of gadolinium, erbium, lutetium and yttrium to 
minimize the chances of obtaining oxidation states other 
than 3"*^- This choice was also supported by the fact that 
all of these elements provided PRRES-oxides with the cubic 
C-type crystal structure, thus making it easier to compare 
information obtained about one material with that obtained for 
the other members of the group. 
To summarize then, this investigation was conducted 
to develop methods for preparing previously unreported PRRES-
oxides in large enough quantities so that their magnetic 
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properties and densities could be measured and compared with 
those of the normal sesquioxides. It was also necessary to 
establish techniques that could be used to give reliable 
values for the oxygen to metal ratio in the PRRES-oxides. 
The results of these studies and the conclusions that can 
be drawn concerning the nature of this new type of non-
stoichiometric rare-earth oxide will be discussed in the 
following sections. 
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II. LITERATURE SURVEY 
A. Magnetic Properties of Rare-Earth Oxides 
The magnetic properties of the rare-earth oxides 
have been investigated by a large number of workers. Some 
excellent reviews and compilations summarizing a large part 
of the more recent work have been written by Foex al. 
(1957)» Gschneidner (1961) and Westrum (1964). It has been 
found that, in general, the paramagnetic susceptibilities 
of the rare-earth oxides follow the Curie-Weiss law: 
where is the molar susceptibility, the Curie constant, 
T the absolute temperature and 6 the Weiss constant, an 
experimentally determined parameter. The magnetic moment per 
atom, can be obtained directly from the experimentally 
determined Curie constant, C^, through the relation 
where N is Avagodro's constant and k is Planck's constant. 
Once has been determined, it is usually convenient to 
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obtain the effective number of Bohr magnetons per atom, 
from the relation: 
%ff = v; , 
— pjji 
where (5 is the Bohr magneton and equal to 9*27 x 10~ ergs/ 
gauss. It is then possible to relate directly to the 
number of unpaired 4f electrons responsible for the para­
magnetism. 
Calculations of the susceptibility of the rare-earth 
ions by quantum mechanics is one of the important successes 
of the work of Hund (1925) and Van Vleck (1932). The latter 
developed the following expression for the susceptibility, 
which is obeyed quite well by the rare-earth ions: 
In this expression, is the molar susceptibility, N is 
Avogadro's number, 3 is the Bohr magneton, k is Boltzmann's 
constant and T is the absolute temperature. According to 
the usual spectral notation, J is the total angular momentum 
quantum number which is in turn the vector sum of the result­
ant orbital and spin angular momentum quantum numbers, L and 
S respectively; g is the Lande splitting factor, given by 
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S 1 + 
S{S+1) + J(J+1) - L(Ln) 
2J(J+1) 
The term Na involves the temperature independent contribu­
tion of the high frequency elements of the magnetic moment 
and for most of the rare-earth ions where the separation of 
the J levels is large compared to kT is given by 
However, when the separation between the J levels is of the 
order of kT, as it is in samarium and europium and to a 
lesser extent in praseodymium, neodymium and promethium, the 
higher J levels can become populated and contribute to the 
susceptibility. In this case, the correct expression for 
the susceptibility is 
[(S+L+1) 
Na = NB^ r P(J+1) mi 
6(2J+1) I - E, - E 
where 
X 
NZj [(gJ|I^J(J+l)/3kT) + Oj] (2J+l)exp(-Ej/kT) 
m rj(2J+l)exp(-Ej/kT) 
The sums are taken over all possible values of J, from J = 
[ L-SI to J — L'^S» 
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Proper application of the preceding relations gives 
excellent agreement with the experimental values obtained 
for all of the rare-earth ions. 
B. Nonstoichiometry in Rare-Earth Oxide Systems 
Nonstoichioraetric rare-earth oxides of the type 
REO^, 1^500 < x < 2.000, have been found to be a very fertile 
area of research during the past ten years. This can be 
partially attributed to the improved methods of x-ray crystal 
structure analysis and to the use of electronic computers in 
analyzing the crystal structure data, as well as to the 
greater availability of the pure oxides themselves. Since 
the composition and atomic geometry of nonstoichioraetric 
oxides are in general quite difficult to define, a thorough 
study of their physical properties is usually quite formida­
ble. However, a review article by Erying and Holmberg (1963) 
and the several related papers on this subject presented at 
the Fourth Rare-Earth Research Conference (1964) indicate 
that a considerable research effort is being directed toward 
the study of the thermodynamic, structural and other proper­
ties of these materials. 
To date, little reference has been made to non-
stoichiometric rare-earth oxides of the type REO^, x < I.500. 
Borchardt (1964) and Haefling fit ai* (1964), in their study 
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of the air oxidation of yttrium metal, have reported the 
formation of an adhérant, black yttrium oxide skin. They 
find that the formation of this layer provides excellent 
protection against oxidation resulting in a high temperature 
oxidation rate that follows the parabolic rate law. 
Borchardt (1964) has deduced that this skin must have an 
oxygen to metal ratio of less than I.5OO due to the presence 
of dissolved yttrium. 
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III. EXPERIMENTAL PROCEDURE 
A. Sample Preparation 
1. Partially reduced rare-earth sesquioxides 
The various PRRES-oxides were prepared by exposing 
the respective rare-earth sesquioxides to a reducing 
atmosphere at elevated temperatures. Several different 
techniques were used to produce the reducing environment. 
Three of the techniques that contribute to the understanding 
of the nature of these materials will be discussed in detail 
below. All of the materials used in this study were of the 
highest purity available and spectrographic analyses of both 
metals and oxides are given in Table 2. 
It was found that the most straight-forward way to 
subject the rare-earth sesquioxides to a reducing atmosphere 
was to arc-melt them with their corresponding rare-earth 
metals. Before the metal and oxide could be conveniently 
arc-melted it was necessary to form small pellets of the 
sesquioxides by applying 10,000 pounds per square inch to an 
acetone slurry of the oxide in a hardened steel die. The 
resulting pellets were 3/8 inch in diameter and 1/2 inch 
long and had satisfactory strength after drying at 100°C. for 
an hour. Five grams of metal per 50 grams of oxide were 
placed in a tapered depression in a water cooled copper 
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Table 2. Spectrograph!c analyses of the metals and oxides 
used in this study (concentrations given in parts 
per million) 
Ele­
ment 
Gd Er Lu Y 
*^2^3 2^2° 3 Lu gO 2 Y2O3 
Ca < 50 < 75 . < 50 < 45 < 50 <100 <100 < 50 
Mg <200 <100 < 35 < 50 <200 <100 <100 < 45 
Fe < 50 < 50 < 30 < 50 < 50 < 50 < 50 < 50 
Si <250 - < 50 - <250 <200 <200 <200 
Ta <150 - - <300 - -
-
-
Y <100 < 70 - - <100 A 0
 
< 4.0 -
La - < 50 - - - -
-
-
Nd A 0
 
-
- -
<200 
- - -
Sra <100 
- -
<100 <200 -
-
<100 
EU < 10 
- - -
< 10 
- - -
Tb <100 - - < 50 <100 - - <100 
Qy <100 <100 - <100 <100 <100 - < 50 
Yb - < 50 - - - < 50 - -
Tm - < 10 - - - < 10 - -
Ho — <100 — <200 — 
0
 
V 
0
 
0
 
V 
hearth. The oxide pellets were arranged along the taper so 
that as the metal became molten the pellets slid down the 
taper into the molten pool and were dissolved. The resulting 
button was very brittle and usually broke into small pieces 
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upon cooling. The pieces were placed in concentrated nitric 
or hydrochloric acid, which dissolved the excess metal and 
left the more acid resistant oxide behind. The finely 
divided PRRES-oxide residue was then filtered, washed, dried 
and placed in a vacuum dessicator for later use. 
A co-distillation procedure was developed to. produce 
polycrystalline masses of the PRRES-oxides. This was 
accomplished by placing equal amounts by v:3ight of the metal 
and sesquioxide in a tantalum crucible equipped with a 
condenser such as described by Spedding and Laane (1961). 
The distillations were carried out in a vacuum of 1 x 10"^ 
torr at temperatures in the neighborhood of 2100°C. The 
distillates obtained in this manner were stratified as shown 
in Figure 1. Layer A was the first material to be deposited 
during the distillation and was found to be rare-earth metal 
containing a large amount of oxygen. Layer B is a mixture 
of metal and crystallites of nonstoichiometrie oxide while 
layer D consists entirely of crystallite masses of the 
PRRES-oxide. The light colored strip, C, is a result of the 
light used in photographing being reflected from a crevice 
between layers B and D. The metal portions of the distillate 
were dissolved in concentrated nitric or hydrochloric acid 
and the resulting crystalline residue is shown in Figure 2. 
The most convenient procedure for preparing the 
nonstoichiometric oxides involves melting the normal 
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Figure 1. Stratified distillate obtained by distillation 
of erbium metal in presence of erbium sesqui-
oxide 
Figure 2. Crystallites of the partially reduced 
sesquioxide of erbium 
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sesquioxides in a vacuum. However, some difficulty arose in 
securing an inert container material capable of withstanding 
extremely high temperatures - 2350 to 2500°C. Two different 
techniques were used to contain the molten materials. The 
direct approach to the problem resulted in the use of 
rhenium metal as a container material; whereas the indirect 
approach was to zone melt the sesquioxides in which case the 
molten material was held in a "skin" formed by its own 
surface tension. Both approaches are discussed more fully 
below. 
An apparatus similar to that described by Johnson 
(1963) and shown in Figure 3 was used to zone melt the rare-
earth sesquioxides. Since the oxides are semiconductors 
they can not be heated by induction. To circumvent this 
problem a small tungsten ring was placed in the field of the 
concentrator as a susceptor and the oxide was in turn heated 
by radiation. The starting materials were normal sesqui­
oxides in the shape of rods 3/8 inch in diameter and six 
inches long. Preparation of the rods was accomplished by 
compacting finely divided sesquioxides into molds made of 
high purity graphite and subsequently firing the materials 
in an open induction furnace at 2000°C. for 30 minutes. In 
most cases the resulting sintered rods were stuck in the 
graphite molds and the graphite had to be burned off in air 
at 1000°C. The resulting oxide rods showed considerable 
23 
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Figure 3» Apparatus used to zone melt rare-earth sesquioxides 
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strength and could be handled without fear of breakage. The 
rods were mounted in a simple tantalum wire frame that 
supported the sample at both ends and also guided the rod 
through the tungsten ring. The sample was then slowly heated 
until a vacuum of at least 5 x 10"^ torr could be maintained. 
When the temperature was raised to the melting point of the 
oxide, a gear drive, connected to the wire frame, was 
engaged and the sample was lowered at a rate of one centi­
meter per five minutes until the molten zone had traversed 
three or four inches of the rod. The resulting product had 
an extremely glassy surface and in some instances showed 
pronounced grain growth. 
The method most generally used to prepare the 
nonstoichiometric :ides consisted, of melting the normal 
rare-earth sesquioxides in a rhenium metal crucible in a 
vacuum of at least 5 x 10"^ torr. A rhenium crucible was 
fabricated from pieces of 40 mil rhenium sheet cut to the 
desired shape. The pieces were butt welded together in an 
arc-welder described by Miller aL. (I963) to form the 
finished product shown in Figure 4. Prior to each melting 
operation the crucible was thoroughly cleaned in dilute 
hydrochloric acid. The crucible was then packed with the 
desired rare-earth sesquioxide and placed in an induction 
furnace. A vacuum of at least 5 x 10~-5 torr was maintained 
while the melting took place. The resulting products had a 
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Figure 4. Bottom view of rhenium crucible used to contain 
molten rare-earth oxides 
26 
Figure 5- Top view of rhenium crucible and contents 
showing pronounced grain growth of melted 
oxide 
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glassy surface which in some cases showed pronounced grain 
growth, Figure 5* The materials were easily removed from 
the crucible by tapping the crucible on an anvil. It was 
observed that a small amount of rhenium was picked up by the 
oxides during the melting operation. A rhenium analysis of 
the materials used is given in Table 3* The oxides were then 
crushed in a hardened tool steel mortar to a size that would 
pass through a NBS #60 sieve but was retained on a NBS #80 
sieve, stored in a vacuum desicator and used in later x-ray, 
density and magnetic investigations. 
Table 3* Rhenium content of the PRRES-oxides investigated 
(concentrations given in parts per million with 
an accuracy of i 3 parts per million) 
4 
^^°1.489 6 
3 
^^1.491 5 
The monoclinic form of the PRRES-oxide of gadolinium 
was prepared by subjecting a sintered rod of gadolinium 
sesquioxide to an elevated temperature of 2100°C. while 
maintaining a vacuum of 1 x 10"-^ torr. Under these condi-
28 
tions it was possible to force the sesquioxide to partially 
decompose, thus yielding a highly sintered mass of GdO^, 
X < 1.500, having the monoclinic (B-type) structure. 
2. Bare-earth sesnuioYides 
In order to convert the PRRES-oxide samples to the 
sesquioxides, small chunks of the various PRRES-oxides were 
placed in sintered dishes made from the respective sesqui­
oxides. The PRRES-oxides were then buried in their respective 
sesquioxides to prevent any accidental contamination which 
might occur during oxidation. The materials were then placed 
in a resistance furnace open to the atmosphere and oxidized 
at 1000°C, for 1000 hours. The resulting products appeared 
to be completely oxidized and displayed the colors indicative 
of their respective sesquioxides. The sesquioxides prepared 
in this manner were used in x-ray diffraction and density 
studies. 
B. X-Ray Diffraction Methods 
The lattice parameters of the rare-earth sesqui­
oxides and PRRES-oxides under study were determined from 
powder patterns taken with a 114.6 millimeter diameter 
Debye-Scherrer camera using Cu Ka radiation. Exposures of 
three to four hours gave very sharp patterns. 
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The spacings of the (4,8,8), (9,7,4), (12,2,0), 
(5,5,10), (10,6,4), (9,8,3), (10,5,7), (12,4,4), (12,3,5) 
and (12,6,0) back reflection doublets were measured for 
each material studied. In some cases it was possible to 
also obtain measurements on the (10,9,1), (12,6,2) and 
(13,4,1) lines. The lattice parameters were obtained from 
these data by using a 0tan0 least squares extrapolation 
program written for an IBM computer by Vogel and Kempter 
(1959). 
C. Density Measurements 
The densities of the rare-earth sesquioxides and 
PRRES-oxides under study were determined by conventional 
pycnometric methods using CCl^ as the immersion fluid. A 
granular or powdered sample approximately 0.2 milliliters 
in volume was used in a 1.00*milliliter pycnometer. 
The volume of the pycnometer was determined from 
measurements made on high purity ethyl alcohol and high 
purity water to which the appropriate temperature corrections 
to the densities of these materials were applied. 
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D. Analysis 
The stoichiometry of the various PRRES-oxides 
investigated was determined by oxidizing these materials at 
1000°C. in a pure oxygen atmosphere to what was assumed to 
be the normal sesquioxide, HEO^^^ q^q. The oxygen pickup was 
detected as a weight gain which was measured with an 
extremely sensitive quartz fiber microbalance similar to the 
one described by Daane (1950). 
E. The Vibrating-Sample Magnetometer 
for the Measurement of Magnetic Moments 
1. Theory 
The experimental investigations concerning the 
interactions of coils carrying electric currents performed 
by Ampere (I823) and by Biot and Savart (1820) led to a 
relation from which it is possible to compute the flux 
density at any point in space around a circuit in which there 
is a current. The magnitude of the magnetic induction 
(webers/meter^) at a distance r (meters) from a current 
element ds (meters) carrying a current i (amperes) can be 
written in vector notation as 
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where = ^tî x 10"? webers/ampere-meter. 
If we now consider a small current loop and attempt 
to find the field at some point P due to this loop, we find 
that we must integrate the above equation around the circuit. 
To do this we refer to Figure 6A and note that the change in 
potential, 60, that would result if the point P were dis­
placed by an amount 5a": 
60 = B • 6ir 
r ds" X r" 
where 6a can be brought out of the integral because it is 
constant during the integration. 
The same change in potential should be observed if 
the current element is displaced by -6a"and the point P 
remains fixed. In such a displacement the current element 
sweeps out an area -(6a"x d?) and the total change in solid 
angle is 
dn = -"r" • ( 6^ X dT) 
.3 
-6ir • (ds* X "r") 
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A 
p 
B 
Figure 6. Pictorial representations of vector quantities 
used to derive an expression for the potential 
field around a magnetic dipole 
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Therefore, the line integral that we set out to evaluate 
is the total solid angle subtended at P by the area swept 
out by the current loop when it is displaced by -6a". This 
in turn is equal to the change dO in solid angle due to the 
displacement of P by 6a". Now we can write the change in 
the potential as 
where 0 is the total solid angle that the circuit subtends 
at P. Now from Figure 6B, we find that 
an = . 
where dS is a surface element. We now have 
iUp r • n dS 
d0 = -— 
4TT r^ 
If we now define irTdS (ampere-meters^) as the magnetic 
dipole moment dm% we then have 
Hq dm • r 
and the potential of an individual dipole nT is 
3^ 
If we consider a fixed magnetic dipole, ra, at the 
origin of a Cartesian coordinate system located in a mag­
netic field, and if the dipole is assumed to be oriented 
along the X axis the scalar potential can be written as 
Po !> = •—; -
^TT r-) 
If the dipole is now vibrated in the Z direction with a 
small amplitude, b, the time varying portion of the scalar 
potential can be taken to be 
0(z,t) = 0(z)exp(iwt) , 
where 0(z) = 
- m  
= -b L^tt r 3 j  
d z 
p p 2 2 Substituting r = x + y + z into the above equation and 
performing the indicated differentiation we get 
We now see that -grad 0(z) will give the flux pattern 
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established by the time varying part of the field. The 
configuration of the flux pattern in the X-Z plane is shown 
in Figure 7* The problem now becomes one of choosing the 
most advantageous coil arrangement to sense the dipole field. 
A complete discussion of the various possible choices of 
coil configurations is given by Poner (1959). 
2. Apparatus 
A Harvey-Wells Model L-I58, water cooled, laboratory 
electromagnet was used in these investigations. The magnet 
features a 15 inch pole diameter wicn hyperco pole tips 
tapered to 6.25 inches. The magnet has four energizing 
coils that are of the low impedance tape-wound variety and 
will produce fields in excess of 27,000 oersteds with an air 
gap of 1.8 inches. At a field of 20,000 oersteds a homo-
geniety of one part in 105 can be obtained in a cylinder 1/2 
inch in diameter and 1/2 inch long at the center of the 
working volume. 
The 100 volts and 225 amperes required by the magnet 
at maximum field were supplied by a Harvey-Wells Model HS-
10 200 power supply. The power supply is fully transistorized 
and regulates the current to the magnet to a few parts in 
10&. The voltage across a temperature controlled manganin 
reference resistor in series with the magnet was calibrated 
against the field in the magnet as determined by nuclear 
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Figure ?• Time varying part of dipole field in X-Z plane 
for oscillation parallel to Z and dipole moment 
parallel to X 
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magnetic resonance. In order to establish a definite 
hysteresis curve it was necessary to saturate the magnet 
at maximum power three or four times. Once the hysteresis 
loop was well defined as shown in Figure 8 and the desired 
field was approached from maximum power it was possible to 
determine the field to two parts in 10^ from the calibration. 
A schematic drawing of the vibrating-sample magne­
tometer constructed and used in this study is shown in 
Figure 9* The principle involved in this system is to sense 
the time varying part of the dipole field created by an 
oscillating magnetic dipole. This signal is then added to a 
reference signal of exactly the same magnitude and frequency 
but 180° out of phase with it. The net result of this of 
course is zero. If the magnitude of the mixed reference 
signal is calibrated it can then be used to determine the 
magnetic properties of other magnetic dipoles. 
The electronic circuitry shown in Figures 10, 11 
was constructed by the Ames Laboratory electronics shop and 
was designed to perform the functions outlined in the 
schematic. A push-pull audio oscillator was used to drive a 
loudspeaker transducer system at 90 cycles per second. The 
reference signal was fed to the grid of one half of a twin 
triode. A cathode follower circuit involving this triode 
made it possible to adjust the phase of the tube's output 
by changing the capacitance and/or resistance in the follower 
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circuit. This output was then fed to a precision 
potentiometer which served as a voltage divider for the 
reference signal circuit. À portion of the reference signal 
was then mixed with the sample signal and the resultant 
signal was put into a 90 cycle narrow band amplifier where 
it was amplified by a factor of 10^. The amplified signal 
was then applied to the Y input of an oscilloscope that was 
synced at 90 cycles per second. When the magnitudes of the 
two signals were not equal or when the signals were not 180° 
out of phase or when both of these conditions existed 
simultaneously the trace observed on the oscilloscope was a 
sine wave. By watching for a minimum in the trace as the 
phase of the reference signal was adjusted it was possible 
to get the two signals 180° out of phase. A balanced condi­
tion, i.e., a horizontal trace, was then obtained by adjust­
ing the precision potentiometer. 
The mechanical design of the magnetometer is shown 
in Figures 12, 13. A two watt, five inch speaker was used 
as the transducer. A quartz rod was used to couple the 
transducer to the reference and the sample. A press-fitted 
thin Teflon disc at the bottom of the rod was used to prevent 
horizontal motion of the sample. Friction effects due to 
this spacer were minimized by electropolishing the inside 
surface of the copper heat leak can. A small disc of barium 
ferrate three millimeters thick and eight millimeters in 
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Figure 12. Transducer assembly and reference signal 
system for magnetometer 
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diameter and magnetized along its diameter was used as a 
reference. The weight of the connecting rod, sample and 
reference was supported by a spring to prevent damage to the 
voice coil and paper cone of the speaker. 
The reference detection coils were 5/16 inch in 
diameter and 1/2 inch long with 1 1/8 inch between the 
centers. Each coil contained 19,000 turns of one mil 
formvar-covered copper wire. The coils used to sense the 
sample signal were 5/16 inch in diameter and 3/4 inch long 
with 1 1/8 inch between the centers. Each of these coils 
contained 28,000 turns of one mil formvar-covered copper 
wire. Both sets of coils were connected in series-opposing 
to minimize noise pickup. The sample coils were fixed to the 
magnet and extreme care was taken to prevent the coils from 
touching the tail of the cryostat since such contact resulted 
in the pickup of large amounts of noise. Both sets of coils 
were mounted so that motion in the X, Y and Z directions was 
possible. The need for this freedom of motion will be dis­
cussed in a later section. 
The cryostat and heat leak chamber are shown in 
Figures 13, 14. The inner chamber was filled with liquid 
helium for measurements in the temperature range 4.2 -
77.4°K. and liquid nitrogen for measurements from 77«4°K. to 
room temperature. 
The heat leak chamber fit inside the cryostat and 
Figure 14. Liquid helium cryostat 
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made contact with the walls only through three small copper-
berylium spring clips. Thus, when heat was applied to the 
copper sample chamber by passing a small current through a 
200 ohm heater wound around it, a temperature gradient was 
established between the sample chamber and the contacts, 
and the temperature of the sample chamber was raised above 
that of the bath. 
An automatic temperature controller was used to 
maintain any desired temperature. A copper or carbon sensing 
element on the sample chamber formed one leg of a Wheatstone 
bridge. Unbalance in the bridge produced when the tempera­
ture of the sample chamber dropped below some pre-set value 
actuated a servo-mechanism that turned on the current to the 
heater coil until the sample chamber temperature rose above 
the desired value. Unbalance of the bridge in the opposite 
direction shut off the current and the cycle repeated. The 
sensitivity was such that a constant temperature (± 0.02°K.) 
could be maintained for periods of 20 minutes which was more 
than sufficient for this study. 
3. Experimental 
Hemispherical cavities were cast in Quick-Mount, a 
rapid setting plastic, and glued together to form a 
spherical chamber 3/16 inch in diameter. The powdered 
sample was loaded into the cavity through a small hole in 
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one end. The container was then glued to the quartz 
connecting rod of the magnetometer. 
In order to make the magnitude of the induced 
voltage insensitive to the exact position of the sample the 
following procedure was employed. The sample was first 
centrally located between the pickup coils by visual 
inspection. The field was then applied to produce the 
required magnetic dipole. The coils were then rotated about 
the Z or vertical axis to obtain a maximum signal output. 
Next the coils were moved in the X direction, parallel to 
the applied field, for a minimum signal, and the Y direction 
for a maximum signal. The magnetometer was then insensitive 
to small changes of sample position in these three directions. 
After initially evacuating the sample chamber and all 
portions of the cryostat to approximately 2 x 10"-^ torr, the 
sample chamber and all except the outer vacuum chamber of 
the cryostat were pressurized to about 1/4 atmosphere with 
helium exchange gas. The liquid nitrogen chamber was then 
filled and the system was allowed to cool. For measurements 
below 77.4°K., the liquid helium chamber was flushed with 
dry helium gas during the pre-cooling to prevent frost from 
forming in the chamber. After cooling to 77.4°K. and before 
the liquid helium was transferred, the volume between the 
liquid helium pot and the liquid nitrogen chamber was 
evacuated to approximately 5 x 10~5 torr. After the liquid 
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helium was transferred and the sample had reached thermal 
equilibrium at 4.2®K,, measurements were begun. To obtain 
temperatures above 4.2°K., it was necessary to pump the 
helium exchange gas out of the region between the helium 
chamber and the heat leak can. A similar procedure was 
followed for temperatures above 77.4°K. where liquid nitro­
gen was used as the low temperature bath. 
The temperature of the sample below 77«4°K. was 
determined to within io.5®K. by measuring the emf developed 
by a gold - 2.1 atomic percent cobalt versus copper thermo­
couple. Comparison of the emf at 4.2°K. with the value 
obtained by Powell al* (I96l) for a similar thermocouple 
yielded a proportionality constant that was applied over the 
4.2 - 77*4°K. range. Above 77«4°K., the temperature was 
determined with a calibrated copper - constantan thermo­
couple. Although the thermocouple was attached to the heat 
leak can, it was found that no appreciable temperature 
difference existed between the sample and the can when at 
least 1/4 atmosphere of helium gas was used as an exchange 
gas and ten minutes were allowed for equilibrium to be 
reached. 
4. Calibration 
The calibration of the magnetometer entailed relating 
the dial reading of the reference voltage divider at null to 
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some known magnetic moment. Foner (1959) has suggested that 
the saturation moment of a small sphere of nickel be used as 
a standard. Since it is possible to saturate nickel at low 
magnetic fields it should be possible to obtain some rela­
tively low value of magnetic field above which the moment of 
the nickel sample remains constant. In theory then, above 
this critical field the amount of the reference signal needed 
to obtain a null would be constant. The dial reading, DR, 
on the voltage divider could then be related to the known 
moment of the sample, M, by the simple relation 
DR X P = M , 
where p is a calibration constant. 
Figure 15 shows a portion of the results that were 
obtained when the magnetization of a small nickel sphere was 
measured. Above 5,000 oersteds an approximately linear 
region was obtained that had an appreciable slope. However, 
the measurements of Weiss and Forrer (1926) indicated that 
at saturation the magnetization versus field relation of 
nickel is constant to within 1^. It was concluded that the 
field dependence displayed here was due to what is called 
the "image effect". In this effect a magnetic moment is 
induced in the poles of the magnet. The presence of this 
induced dipole tends to increase the amount of the time 
Figure 15* Dial reading of potentiometer as a function of applied magnetic field 
obtained for a small nickel sphere 
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varying part of the dipole field in the region of the 
sensing coils thereby effectively decreasing the calibration 
constant, B. 
Magnetization measurements of nickel as a function 
of temperature indicated that the saturation moment of the 
nickel sample increased with increasing temperature. Of 
course, this is absurd! However, this could be accounted for 
if one assumes that the signal was being attenuated by the 
metal dewar tails. At low temperatures, the resistance of 
copper becomes extremely low and the oscillating magnetic 
dipole could set up eddy currents in the low resistance 
tails resulting in an attenuation of the signal. Although 
three of the tails remain at constant temperature during 
measurement in a given temperature range the temperature of 
the heat leak can increases throughout the range. As the 
temperature and likewise the resistance of the heat leak 
can increases, the amount of attenuation decreases thereby 
effectively decreasing the calibration constant, p. 
With the above observations in mind it was decided 
that the magnetization of high purity GdgO^ and hydrated 
ferrous ammonium sulfate would be investigated and used as 
primary standards to determine both the magnetic field and 
temperature dependence of the calibration constant. The 
magnetization of these materials was measured at several 
field strengths over the temperature range from 4.2 - 300°K. 
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The magnetic susceptibility of the ferrous compound, given by 
Jackson (1923) as 
X = 9,500 X 10"*/T + 1 , 
S 
and the magnetic characteristics of Gd20^, as given by Foex 
si. ai» (1957), were then used to obtain calibration con­
stants as a function of temperature at constant magnetic 
fields. The constant field calibration constants determined 
as a function of temperature for the two standards studied 
were found to agree within 
Figure 15 shows how P varied with temperature at 
constant field. A discontinuity was observed in the p 
versus temperature relation when the inner bath was changed 
from liquid helium to liquid nitrogen. This 10^ discontinu­
ous decrease in the calibration constant further supports 
the contention that the signal was being attenuated by the 
/ 
metal tails of the dewar. For this reason, the reduced 
value of I shown in Figure 16 was divided into two regions 
to simplify the data processing. 
The field dependence of $ at 77'4°K. is shown in 
Figure 17. The observed decrease in the calibration con­
stant with increasing field is consistent with what would 
be expected for a large image effect. 
The magnetization data of pure nickel given by 
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Figure 16. Reduced calibration constant versus temperature at a constant 
magnetic field strength of 3»250 oersteds 
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Weiss and Forrer (1926) was fitted to a curve and the 
saturation moment as a function of temperature was found to 
be 
=  5 7 . 5 0  -  ( 6 . 3 8  X  
When the field and temperature dependence of the calibration 
constant were taken into account the nickel data was found 
to agree with the above relation to within less than 
All of the data obtained in this study were treated in a 
similar manner. 
F. Determination of Magnetic Susceptibility 
with a Mutual Inductance Bridge 
1. Theory 
The measurement of mutual inductance is most easily 
accomplished with the use of an ac bridge. The bridge used 
in this work was of the Hartshorn variety and was designed 
and constructed by Jennings (I960). A complete description 
of the use of this type of bridge in the determination of 
magnetic susceptibilities is given by Gerstein (i960). The 
measuring coil, or secondary, is made up of three sections; 
the upper and lower sections have half as many turns as the 
middle section and are anti-wound with respect to i't. The 
primary is overwound to an extent that the field in the 
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region of the sample is uniform. With such an arrangement 
the mutual inductance is therefore zero, or at least very 
small, when no sample is present. The primary portion of 
the circuit con«i«t8 of a 33 cycle oscillator in series with 
the sample primary and the variable primary of the bridge. 
The sample secondary is connected in series with the vari­
able secondary of the bridge and a 33 cycle high gain 
amplifier. When a sample is present, the unbalance in the 
circuit is amplified and applied to the Y terminal of an 
oscilloscope synced at 33 cycles. The bridge is then 
adjusted until a null position is observed. 
If a spherical sample of radius r is placed in a 
coaxial set of primary and secondary coils whose lengths are 
several times the sample radius the change in mutual 
inductance, in henries, due to the presence of the sample is 
given by: 
AH = u^n^n^kV , 
where is the permeability, n^ and n^ are the turns per 
unit length for the secondary and primary coils, k is the 
volume susceptibility and V is the volume of the sample. If 
we divide both sides of this equation by N, the number of 
moles of sample, and group all the constant terms into one 
and denote it as y we obtain: 
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^ = Yk (V/N) . 
Since X », the susceptibility per unit mass, is equal to k/d, 
S 
where d is the density, and , the molar susceptibility, 
is equal to , where is the molar volume, we can 
write: 
k = Xgd ' . 
or 
If we note that the (V/N) term in a previous equation is the 
molar volume, , we obtain: 
m 
As stated above, the units of AM in this expression are 
henries; however, it can have other units as long as it 
remains a measure of mutual inductance. A convenient way to 
measure the mutual inductance between a set of primary and 
secondary coils is in terms of the number of turns of wire 
involved. In order to apply this in this work, it is 
necessary to calibrate the apparatus with a standard para­
magnetic salt (e.g., manganous ammonium sulfate). The units 
of AM then become turns and y is designated the coil constant. 
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For this work, y = 4,595* 
In the above treatment, demagnetization effects were 
ignored. Examination of the data indicates that an error 
of less than 1% is thereby introduced. Since this 
correction is well within the experimental error, these 
effects were ignored in the present work. 
2. Experimental 
Hemispherical cavities were machined in pieces of 
plexiglass 3/4 inch in diameter and 3/4 inch long. The J/8 
inch diameter spherical hollow formed when the two halves 
were rejoined was filled with powdered sample through a 
small hole in the top half of the holder. A gold - 2.1 
atomic percent cobalt versus copper thermocouple was threaded 
through the fill hole and imbedded in the ssimple. The 
sample holder was then placed in a heater shell which con­
sisted of copper-berylium wire wound non-inductively on a 
cylinder of stiff paper. The sample and heater shell were 
then suspended by means of nylon fish line into the region 
of the measuring coils. The suspension lines were threaded 
through a glass tube which entered the system through an 
*0"-ring slip seal. The thermocouple and heater leads were 
brought out of the system through a length of rubber tubing 
that was thoroughly greased- and secured with a hose clamp. 
With this arrangement a vacuum of 0.1 micron could be main­
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tained in the sample chamber. 
The sample and measuring coils were placed in a 
dewar system composed of two concentric glass dewars. With 
helium exchange gas in the sample tube, liquid helium in the 
inner dewar and liquid nitrogen in the outer dewar, it was 
possible to bring the sample to thermal equilibrium at 
4.2°K. The mutual inductance was then measured with the 
sample in the measuring coils and after the sample had been 
removed from the coils. The difference between the two 
readings was then related to the susceptibility as outlined 
above. 
For measurements below 4.2°K. the helium exchange gas 
was left in the sample chamber while the vapor pressure of 
helium gas above the liquid helium bath was reduced. A 
mercury manometer and an oil manometer were used to measure 
the vapor pressure of helium above the liquid helium bath. 
The temperatures were deduced from the helium vapor pressure-
temperature scale proposed by Clement si. al.* (l955)o A 
minimum temperature of 1.27°K. was obtained by this method. 
When temperatures greater than 4.2°K. were desired, 
the helium exchange gas in the sample chamber was pumped out 
and the sample was slowly heated by passing a small direct 
current (0 - 200 milliamperes) through the heater coil. 
Periodic readings were taken with the sample out of the coils 
and an average "out" reading was thus obtained. "In* readings 
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were taken at one or two-degree intervals over the tempera­
ture range. Liquid helium was used as the "bath in the 1.27 -
77.4°K. range. Above 77.4°K. the inner dewar was filled 
with liquid nitrogen and the above procedure was continued 
up to 300°K. 
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IV. EXPERIMENTAL RESULTS 
A. X-Ray Diffraction, Density and Analytical Data 
The average lattice parameters obtained for the 
various cubic oxides under study are given in Table 4 along 
with a summary of the density and analytical data. The 
maximum deviation from each average lattice parameter ob­
tained from six or more powder patterns is also indicated. 
The oxygen to metal ratios shown for the various 
cubic PRRES-oxides are averages obtained from at least six 
different runs on materials prepared by the methods described 
earlier. Very good reproducibility was obtained and the 
maximum deviations from the averages shown varied from 
0.0003 to 0.0006. 
The x-ray densities given for the sesquioxides were 
determined on the basis that these materials had an oxygen 
to metal ratio of I.5OO, i.e., it was assumed that no oxygen 
or metal vacancies were present. The x-ray densities of the 
various PRRES-oxides were calculated assuming that vacancies 
occurred in the normal oxygen positions and that the 
theoretical cation positions, which has been shown by Fert 
(1962) and others to contain 32 metal ions per unit cell, 
remained intact. The general equation used to calculate 
these densities, d^, is given below: 
Table 4. Summary of x-ray, density and analytical data 
Oxide Go dx Oxygen defects 
T)er cubic centimeter 
angstroms grams per 
cubic centimeter 
Prom oxygen/ 
metal ratio 
X  1 0 - 2 0  
From measured 
density data 
X  1 0-20 
G d ^ i . ^ o o  
(cubic) 
10.8129 1 5 7 . 6 1 7 0  7 . 6 0 9  0 . 0  0 . 0  
(cubic) 
1 0 . 8 1 3 6  ±  5 7 . 6 1 2 1  7 . 6 0 2  1 . 3  2 . 6  
G & O l.^OO 
(raonoclinic) 
-
- 8 . 2 3 8  0 . 0  0 . 0  
(monoclinic) 
— - 8 . 2 3 1  1 . 8  2 . 6  
^°1.500 10.6042 ± 4 5 . 0 3 0 2  5 . 0 2 3  0 . 0  0 . 0  
^°1.491 10.6044 1 3 5 . 0 2 3 8  5 . 0 1 3  2.4 3 . 8  
G ^ ° i . 5 0 0  
10.5488 + 4 8. 6 5 6 6  8 . 6 5 5  0.0 0.0 
B r O i . 4 8 9  10.5490 1 3 8.6483 8.645 3 . 0  3 . 8  
^"°1.500 10.3937 1 2  9.4148 9.418 0.0 0.0 
10.3934 ± 3 9.4043 9.399 4.3 7.4 
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32[M+0 X (oxygen to metal ratio)] 
N X (a^^) X 10"24 
where M is the molecular weight of the cationic species, N 
is Avogadro's constant, 0 is the molecular weight of oxygen 
and a^^ is the cubic lattice parameter in angstroms. 
The concentrations of oxygen vacancies in the PRRES-
oxides were calculated from the oxygen to metal ratios shown, 
assuming that the cation positions were fully occupied and 
identical to those observed in the normal sesquioxides. A 
similar assumption was made in the calculation of the 
oxygen vacancies from the measured density data. It should 
be noted here that although the measured densities are 
reported to four significant figures an accuracy of only 
0.5# can be claimed. However, if these densities were 
rounded off to three figures the density differences obtained 
for most of the REO^ - REO^ pairs would be equal, indi­
cating equal amounts of oxygen vacancies. It may be fortu­
itous that inclusion of the fourth figure shows an increase 
in the concentration of oxygen vacancies in good agreement 
with that obtained from the oxygen to metal ratio. 
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B. Magnetic Susceptibility Data 
The temperature dependence of the paramagnetic 
susceptibility of GdO^ 24,9^ and ErO^ in the temperature 
range of k.2 - 300°K. at several different magnetic fields 
is shown in Figures 18, 19 respectively. The zero point of 
the inverse paramagnetic susceptibility axis shown in these 
figures corresponds to the zero field data. The zero points 
of the field data have been successively displaced upward by 
one unit in order to conveniently display the data. With 
the exception of the zero-field case, the dashed lines 
represent experimental data obtained from the sesquioxides 
that were prepared by oxidizing the respective PRRES-oxides 
as described earlier. A summary of the phenomena observed 
in Figures 18, 19 is given in Tables 5> 6 respectively. 
All of the data could be reproduced to within ±0.5% 
and the sesquioxide data agreed with that given by Foex si 
al,. (1957) to within +1%. The magnetic data obtained in the 
study of GdO^ and ErO^^^gg are tabulated in the appendix. 
The magnetic field dependence of the paramagnetic 
susceptibility of and ErO^^^gg at several tempera­
tures is shown in Figures 20, 21 respectively. The data 
obtained from the vibrating-sample magnetometer indicates a 
linear relation between the field and the susceptibility. 
The zero-field data are seen to deviate quite markedly from 
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Figure 18. Inverse paramagnetic susceptibility vs. temper­
ature curves for GdOi.^^c from 4.2 - ^OOOR. for 
several magnetic fields (see page 65 for general 
explanation of curves) 
67 
Table 5* Features of interest in the 1/ Xg versus T plots 
for GdO^ in the 4.2 - 300°K. range 
Temperature Feature observed in Effect of applied 
°K. mutual inductance magnetic field 
(zero-field) data 
300 - 230 In general, the plot 
is slightly concave 
toward the 1/ X 
axis g 
As the field is 
increased, a pro­
nounced change in 
slope appears at 
27OOK. 
230 - 165 Several distinct 
changes in slope 
occur in this 
region 
As the field in­
creases, this region 
approaches linearity 
1 6 5  -  2 2  In this region there 
are five linear 
portions of the plot 
with slight changes 
in slope occurring 
at 130, 125, 98 and 
35OK. 
Changes in slope 
become less 
pronounced with 
increasing field 
22 - 4.2 After a pronounced 
change in slope at 
22°K., the plot 
becomes slightly 
concave toward the 
1/ X axis 
Pronounced change 
in slope at 220K. 
is removed by 
applied magnetic 
field 
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Figure 19• Inverse paramagnetic susceptibility vs. tempera­
ture curves for ErO^^^gg from 4.2 - ^OO^K. for 
several magnetic"fields (see page 65 for general 
explanation of curves) 
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Table 6. Features of interest in the 1/ Xg versus T plots 
for ErO^ in the 4.2 - 300°K. range 
Temperature 
OK. 
Feature observed in 
mutual inductance 
(zero-field) data 
Effect of applied 
magnetic field 
300 - 252 The plot is slightly 
concave toward the 
1/ Xg axis 
As field is in­
creased, a pro­
nounced change in 
slope appears at 
275°K. 
2 5 2  -  1 8 3  After a pronounced 
change in slope at 
2520K., the plot 
remains concave 
toward the 1/ X_ 
axis & 
Plot becomes 
concave toward 
temperature axis 
183 - 96 In this region there 
are four sections 
that display a con­
cavity toward the 
1/ Xg axis with 
changes in slope 
occuring at 164, I30 
and 126"K. 
The changes in slope 
become less apparent 
and the curve 
approaches a straight 
line 
98 - 20 Plot is linear in 
this range 
The plot remains 
linear in this 
range 
20 - 4.2 Plot is concave As field increases, 
toward the tempera- change in slope 
ture axis moves from 20OK. to 
lOOK. 
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Figure 20. Field dependence of the paramagnetic susceptibility of GdO-, _ 
at several different temperatures 
o 
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Figure 21. Field dependence of the paramagnetic 
susceptibility of ErO^^^g^ at several 
different temperatures* 
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the straight line determined by the magnetometer data and 
will be ignored in the discussion of the field dependence 
since experience has shown that although the mutual 
inductance bridge used in this study yields data that is 
qualitatively correct the absolute values are sometimes in 
error. The reason for this discrepancy is not known.. 
Figure 22 shows the temperature dependence of the 
paramagnetic susceptibility of monoclinic GdO^ 24.93 
cubic GdO^ in the 1.2? - 4.18°K. range as determined 
by the mutual inductance method. The minimum in the curve 
for monoclinic GdO^ ^4,93 a-t 3.35*^K. is indicative of an 
antiferromagnetic phenomenon. The rapid drop in 1/ Xg for 
cubic beginning at 1.37°K. and continuing to at 
least 1.27°K. indicates the possible existence of magnetic 
ordering at some lower temperature. 
Figure 23 shows the temperature dependence of the 
paramagnetic susceptibility of ErO^ below 30°K. as 
determined by the mutual inductance method. It is observed 
that below 20°K. the curve deviates quite markedly from the 
straight line determined by the data in the 98 - 20°K. range. 
Attempts to study the magnetic behavior of the PRESS-
oxides of yttrium and lutetium met with no success. Since 
the apparati used in these investigations have lower detec­
tion limits in the neighborhood of 5 x 10"^ cgs units per 
gram, it must be concluded that the diamagnetic or paramag-
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Inverse paramagnetic susceptibility vs. tempera­
ture curves for raonoclinic GdOx,2^,93 and cubic 
GdOx.i+95 from 1.27 - ^ .18°K. (determined by the 
mutual inductance method) 
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Figure 2 3 .  Inverse paramagnetic susceptibility vs. 
temperature for ErO^^^gg from 1.34 - 30°K. 
(determined by the mutual inductance method) 
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netic susceptibilities of these materials are less than this 
value. Since the normal sesquioxides of yttrium and lutetium 
have moments in the 10"^ cgs units per gram range and since 
any increase in the susceptibility due to the introduction 
of defects would probably be in the region of the lower 
detection limit, this lack of success is not too surprising. 
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V. DISCUSSION 
From a consideration of the x-ray, density and 
analytical information presented in Table 4 it can be 
concluded that when rare-earth sesquioxides are subjected 
to reducing conditions they tend to lose oxygen from the 
lattice. Figure Z^• shows that the concentration of oxygen 
- vacancies in the PRRES-oxides studied increases as the 
cationic radius decreases, i.e., as the atomic number 
increases. 
Crane (1961) has reported two broad low-temperature 
anomalies in the heat capacity of gadolinium metal that are 
dependent upon the oxygen content of the metal. He observed 
that by oxygenating the sample at 1000°C. it was possible 
to greatly enhance a peak at 1.66°K. while a peak at 3.4°K. 
remained nearly the same size. The magnetic data for 
monoclinic and cubic GdO^^^i-g^ shown in Figure 21 
explains both of these anomalies quite well. 
When gadolinium metal is melted, the oxygen present 
in excess of the solubility limit is in the form of the 
PRRES-oxide. According to Gschneidner (1961), gadolinium 
melts at 1312°C, which is in the temperature region where 
gadolinium oxide undergoes a sluggish crystallographic 
transformation from cubic to a stable monoclinic form. Thus, 
when heat capacity measurements are performed on gadolinium 
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metal that generally contains about 0.1 weight percent oxygen, 
two low temperature anomalies are observed corresponding to 
the magnetic orderings observed in the PRRES-oxides. If the 
gadolinium metal is now oxidized at 1000°C., only the cubic 
form of the PRRES-oxide is formed so that one would expect 
further heat capacity measurements to show a pronounced 
increase in the low temperature peak, while the high temper­
ature peak would remain constant. This is what is observed. 
Figure 22 shows the temperature dependence of the 
paramagnetic susceptibility of ErO^^^gg from I.34 - 30.0°K. 
It is seen that a deviation from the linear relation 
established at higher temperatures begins to occur in the 
neighborhood of 22°K. This is in agreement with the neutron 
diffraction work of Wilkinson si. al* (1957) and may be 
indicative of a Schottky anomaly. 
Close scrutiny of the magnetic data summarized in 
Tables 5» 6 indicates that many of the features listed are 
observed in both and ErOi.^g^. This leads one to 
the conclusion that at least some of the observed differences 
in the magnetic character of the sesquioxides and the PRRES-
oxides can be attributed to the vacancies in the anion 
lattice. 
If it is assumed that the site vacated by the oxide 
ion behaves as an effective positive ion site capable of 
trapping the two electrons released by the oxide ion when 
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it leaves the surface as neutral oxygen, we realize that the 
resulting material is what is referred to as a color center 
compound. Since -the concentration of oxygen vacancies or 
color centers was observed to be about 2.4 times larger in 
ErOl.489 than in it might be expected that this 
concentration difference should have some effect on the 
magnetic properties. The field dependence data shown in 
Figures 19» 20 shows just such a correlation. Prom these 
figures, it is seen that below 147°K. the field dependence 
of the magnetic susceptibility of ErO^^^gg is about 2.5 
times greater than that of 
One possible explanation of the zero-field magnetic 
character of the PRRES-oxides of gadolinium and erbium is 
that there is a ground level and several excited electron 
energy levels associated with each color center. The 
electron population of these is determined by the temperature. 
Since relatively small changes in temperature are observed 
to produce marked changes in the magnetic character it would 
seem that the energy levels must be closely spaced so that 
small changes in the thermal energy result in pronounced 
changes in the population of the excited levels. 
It is also quite apparent from the field dependence 
data shown in Figures 19» 20 that the energy levels associ­
ated with the color centers are affected by a magnetic field. 
Since the magnetic susceptibility at some low temperature is 
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observed to increase with increasing magnetic field it can 
be concluded that the increased fields tend to lower the 
excited energy levels. Thus, at some constant temperature 
the electron population of the excited levels has been 
increased over the zero-field thermal equilibrium value due 
to the application of the magnetic field, thereby giving 
rise to a higher magnetic susceptibility. It is also seen 
that as the temperature increases the field dependence of 
the susceptibility decreases. This indicates that at 
elevated temperatures the electrons acquire sufficient 
thermal energy to populate the excited levels without the 
help provided by the magnetic field. The effect of the 
magnetic field is therefore less pronounced at higher 
temperatures. 
There are many avenues of research that should be 
pursued in order to obtain a better understanding of the 
PRRES-oxides. Magnetic and heat capacity measurements 
should be employed in order to help unravel the apparently 
rather complicated energy level system introduced by the 
color centers. Electron paramagnetic resonance measurements 
and a thorough study of the optical properties would also 
facilitate the determination of the energy levels. 
Equally useful but less glamorous information should be 
obtained about the thermodynamics behind the formation of 
these materials. This would involve determining the oxygen 
\ 
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vacancies present as a function of oxygen pressure and 
temperature. Finally, a method should be developed to grow 
large single crystals of the PRRES-oxides which could later 
be oxidized to the sesquioxide for use in diffusion, heat 
capacity, magnetic and other studies. 
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VIII. APPENDIX 
The data obtained from the study of the magnetic 
field and temperature dependence of the magnetic 
susceptibility of the PRRES-oxides of gadolinium and 
erbium are tabulated in the appendix. 
Table 7* Temperature dependence of the paramagnetic 
susceptibility of monoclinic GdO^ zero 
field measurements 
Temperature 
OK 
Xg X 10* 
emu/gram 
1/ Xg X 10-3 
grams/emu 
1.41 1302.4 .7678 
1.62 1310.1 .7633 
1.91 1321.9 .7565 
2.12 1331.5 .7510 
2.46 1349.2 .7412 
2.72 1363.7 .7333 
2.94 1384.1 .7225 
3.18 1410.4 .7090 
3.28 1431.6 .6985 
3.35 1464.1 .6830 
3.43 1462.0 .6840 
3.51 1457.9 .6859 ' 
- 3.75 1455.4 .6871 
4.18 1450.3 .6895 
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Table 8. Temperature dependence of the paramagnetic 
susceptibility of cubic GdO^^i^çc; zero field 
measurements 
Temperature X x 10^ 1/ / x 10"^ 
n 
K. emu/gram grams/emu 
1.27 1644.2 .6082 
1.31 1597.4 .6260 
1.37 1590.1 .6289 
1.42 1579.0 .6333 
1.59 1555.0 .6431 
1.79 1535.9 .6511 
2.05 1513.3 . 6608 
2.24 1492.3 .6701 
2.46 1477.8 .6767 
2.77 1459.2 .6853 
3.31 1434.3 .6972 
3.33 1428.6 .7000 
3.61 1422.7 .7029 
3.85 1417.2 .7056 
4.18 1401.9 
.7133 
8.3 1252.5 .7984 
11.0 1145.5 .8730 
13.3 1093.2 .9147 
15.2 1027.8 .9729 
17.0 961.5 1.040 
19.0 885.0 1.130 
22.5 783.1 1.277 
24.1 775.2 1.290 
25.6 758.7 1.318 
28.5 725.2 1.379 
30.7 691.1 1.447 
32.9 658.8 1.518 
34.9 634.1 1.577 
36.9 613.1 1.631 
38.8 593.8 1.684 
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Table 8. (Continued) 
Temperature Xg x 10^ 1/ x 10"3 
°K. emu/gram grams/emu 
40.7 
4 3 . 4  
46.9 
5 0 . 2  
53.5 
5 6 . 6  
59.7 
6 2 . 7  
6 6 . 3  
69.1 
72.0 
74.8 
77.6 
8 0 . 3  
8 3 . 1  
8 5 . 8  
8 8 . 5  
9 1 . 2  
93.8 
96.4 
99.0 
101.6 
104.1 
106.7 
1 0 9 . 2  
1 1 1 . 7  
114.2 
118.0 
1 2 1 . 7  
125.4 
1 2 9 . 1  
1 3 2 . 8  
1 3 6 . 3  
140.0 
1 4 3 . 6  
575.4 
563.7 
532.8 
511.5 
491.4 
475.1 
459.6 
443.8 
428.6 
416.5 
406.2 
393.9 
384.2 
374.7 
364.7 
357.1 
348.4 
340.9 
334.1 
3 2 7 . 0  
3 2 0 . 8  
3 1 6 . 3  
310.9 
305.4 
3 0 0 . 1  
295.0 
2 9 0 . 9  
284.8 
2 7 7 . 8  
271.9 
2 6 9 . 1  
2 6 3 . 6  
259.2 
1.738 
1.774 
1.877 
1.955 
2 . 0 3 5  
2 . 1 0 5  
2 . 1 7 6  
2.253 
2.333 
2.401 
2.462 
2.539 
2 . 6 0 3  
2 . 6 6 9  
2.742 
2.800 
2.870 
2.933 
2.993 
3 . 0 5 8  
3.117 
3 . 1 6 1  
3.216 
3.274 
3.332 
3.390 
3.438 
3.511 
3 . 6 0 0  
3.678 
3.716 
3.793 
3.858 
3.914 
4.020 
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Table 8. (Continued) 
Temperature % x 10^ 1/ Xp. x 10~3 
O t / 
K. emu/gram grams/emu 
147.3 
1 5 0 . 8  
154.4 
1 5 8 . 0  
1 6 1 . 6  
1 6 5 . 2  
1 6 8 . 7  
1 7 2 . 3  
1 7 6 . 0  
179.3 
182.9  
186.4 
189.9 
193.5 
197.0 
2 0 0 . 5  
204.0 
207.5 
211.0 
214.6 
2 1 9 . 2  
2 2 3 . 9  
228.6 
2 2 3 . 3  
242. 5  
247.3 
2 5 1 . 4  
255.3 
2 5 8 . 6  
2 6 2 . 4  
267.1 
2 7 0 . 8  
273.9 
277.5 
280.8 
244. 3  
240.1 
235.5 
2 3 0 . 9  
2 2 6 . 3  
2 2 3 . 6  
222 .6  
220.0 
217.3 
214.7 
212.0 
210.1 
208.9 
206.9 
2 0 5 . 5  
2 0 2 . 9  
198.5 
194.7 
191.5 
189.8 
186.7 
184.8 
182.5 
1 7 8 . 9  
173.8 
1 7 1 . 2  
1 6 9 . 1  
1 6 7 . 2  
165.7 
1 6 3 . 4  
1 6 0 . 7  
159.2 
157.3 
1 5 6 . 0  
154.3 
4.094 
4.164 
4.246 
4.330 
4.419 
4.473 
4.493 
4.545 
4.602 
4.657 
4.717 
4.759 
4 . 7 8 8  
4.843 
4 . 8 6 7  
4 . 9 2 8  
5 . 0 3 8  
5.135 
5 . 2 2 2  
5.270 
5.356 
5.412 
5.480 
5.590 
5.755 
5.842 
5.915 
5.981 
6 . 0 3 5  
6.118 
6.221 
6.280  
6 . 3 5 8  
6.410 
6.482 
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Table 8. (Continued) 
Temperature 
°K. 
Xg X  106 
emu/gram 
1 /  Xg X 10-3 
grams/emu 
284.9 1 5 2 . 3  D.yoy 
2 8 9 . 0  1 5 0 . 1  6. 6 6 0  
292.6 148.3 6.742 
296.1 146.2 6.840 
299.9 144.2 6.933 
302.3 142.5 7 . 0 1 8  
305.1 140.7 7.109 
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Table 9* Temperature dependence of the paramagnetic 
susceptibility of cubic field strength 
= 890 oersteds 
Temperature Xa- x 10^ 1/ % x 10"^ 
O / / K. emu/gram grams/emu 
4.2 1335.8 .7486 
5 . 6  1 2 7 6 . 6  .7833 
7.5 1 1 6 0 . 9  .8614 
1 0 . 8  1062.4 .9413 
13.9 9 7 2 . 8  1.028 
1 6 .3 894.4 1 . 1 1 8  
1 8 .5 846 • 7 1.181 
20.2 8 2 5 . 8  1.211 
23.0 817.7 1 . 2 2 3  
25.4 804.5 1.243 
2 7 . 8  765.1 1.307 
29.1 7 2 4 . 6  1.380 
32.2 688.2 1.453 
35'7 6 5 1 . 5  1.535 
40.8 6 0 5 . 7  1 . 6 5 1  
43.0 584.8 1.710 
46.3 557.7 1.793 
5 0 . 2  535.3 1 . 8 6 8  
53.9 513.3 1.948 
58.5 483.1 2 . 0 7 0  
6 1 . 1  462.7 2 . 1 6 1  
64.3 457.7 2.185 
6 7 . 1  440. 5  2 . 2 7 0  
69.9 4 3 2 . 9  2 . 3 1 0  
73.8 419.8 2 . 3 8 2  
75.1 4 0 9 . 3  2 . 4 4 3  
77.4 400. 3  2.498 
80.6 389.9 2 . 5 6 5  
83.7 3 8 1 . 1  2.624 
8 6 . 9  373.0 2.681 
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Table 9« (Continued) 
Temperature x 10^ 1/ Xg x 10~^ 
°K. emu/gram grams/emu 
89 .8  
9 2 . 2  
95.8 
97.5 
100.4 
103.8 
1 0 6 . 6  
109.4 
114.4 
117.3 
120.7 
122.2 
124.9 
127.2 
1 3 0 . 4  
1 3 3 . 0  
136.7 
138.1 
141.9 
145.0 
1 4 7 . 8  
151.0 
152.7 
155.9 
158.1 
160.8 
163.1 
167.2 
170.3 
174.1 
179.1 
183.1 
186.8 
189.7 
192.1 
3 6 6 . 2  
3 5 9 . 4  
3 5 4 . 0  
3 5 4 . 9  
353.2 
347.7 
3 4 2 . 1  
336.9 
3 2 8 . 0  
3 2 3 . 2  
3 1 7 . 5  
3 1 4 . 8  
3 1 0 . 0  
3 0 5 . 8  
2 9 8 . 4  
293.2 
284.9 
281.4 
2 7 4 . 8  
2 6 7 . 9  
2 6 2 . 6  
2 5 6 . 3  
253.2 
248.0 
2 4 3 . 7  
239.9 
235.3 
228.6 
226.8 
224. 3  
218.5  
214.0 
210.4 
209.2 
2 0 7 . 6  
2.731 
2.782 
2 . 8 2 5  
2.818 
2.831 
2 . 8 7 6  
2.923 
2 . 9 6 8  
3.049 
3.094 
3.150 
3.177 
3.226 
3.270 
3.351 
3.411 
3.510 
3.554 
3.642 
3.732 
3 . 8 0 8  
3 . 9 0 2  
3.949 
4 . 0 3 2  
4.104 
4.168 
4 . 2 5 0  
4.375 
4.409 
4 . 4 5 8  
4.576 
4.673 
4.752 
4.780 
4.818 
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Table 9» (Continued) 
Temperature / x 10^ 1/ % x 10 ^ 
O ë 
K. emu/gram grams/emu 
195-1 205.4 4.868 
197.3 203.9 4.905 
201.7 200.4 4.989 
204.5 198.0 5.049 
207.1 194.5 5.140 
2 0 9 . 2  192.0 5.2 0 8  
212.0 187.9 5.323 
215.5 184.1 5.432 
218.2 182.3 5.486 
220.9 181.7 5.503 
223.9 180.3 5.547 
227.8 177.8 5 . 6 2 3  
230.5 176.0 5 . 6 8 3  
233.8 173.0 5.7 8 1  
236.9 171.9 5.817 
239.9 169.9 5 . 8 8 6  
242.7 168.1 5.948 
247.2 165.6 6.040 
2 5 0 . 3  163.1 6 . 1 3 0  
255.2 160.2 6.242 
259.6 158.4 6 . 3 1 1  
264.5 155.4 6 . 4 3 5  
267.6 153.7 6.505 
2 7 0 . 9  151.9 6 . 5 8 2  
274.2 1 4 9 . 8  6.676 
277.1 147.7 6.768 
280.2 146.2 6.840 
282.9 144.9 6 . 9 0 3  
286.0 1 4 3 . 0  6.991 
289.9 140.8 7 . 1 0 2  
292.3 139.2 7.181 
294.7 137.7 7 . 2 6 1  
297.1 136.0 7.354 
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Table 10. Temperature dependence of the paramagnetic 
susceptibility of cubic GdOi^^^S* field 
strength = 3»250 oersteds 
Temperature Xo- x 10^ 1/ x 10'3 
o K. emu/gram grams/emu 
4.2 1234.4 .8101 
6.1 1151.0 .8688 
1 0 . 8  1035.9 .9653 
15.6 935.4 1 . 0 6 9  
19.7 851.1 1 . 1 7 5  
22.3 796.2 1 . 2 5 6  
25.7 765.7 1 . 3 0 6  
29.5 7 2 1 . 0  1.387 
35.8 653.6 1.530 
42.7 598.8 1 . 6 7 0  
47.9 562.7 1.777 
51.5 537.3 1.861 
57.5 504.8 1.981 
6 1 . 3  484.3 2 . 0 6 5  
6 7 . 8  454.1 2.20 2 
72.9 433.1 2.309 
77.4 414.5 2.412 
84.6 390.6 2.560 
9 0 . 6  373.5 2.677 
9 6 . 3  357.6 2.796 
1 0 2 . 2  343.6 2.910 
104.1 336.4 2.973 
1 0 6 . 5  332.9 3.004 
1 0 8 . 8  327.4 3.054 
110.6 323.4 3.092 
112.6 3 1 8 . 0  3.145 
113.5 3 1 6 . 4  3.160 
114.4 3 1 3 . 3  3.192 
115.4 3 1 2 . 5  3.200 
1 1 6 . 7  3 1 1 . 0  3.215 
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Table 10. (Continued) 
Temperature x 10^ 1/ Xg x 10"^ 
°K. emu/gram grams/'émù 
117.3 307.5 3.252 
1 1 9 . 3  3 0 6 . 3  3 . 2 6 5  
1 2 1 . 1  3 0 1 . 5  3 . 3 1 7  
1 2 3 . 0  2 9 7 . 8  3 . 3 5 8  
1 2 4 . 9  2 9 3 . 8  3 . 4 0 4  
1 2 5 . - 8  2 9 1 . 9  3 . 4 2 6  
1 2 8 . 7  2 8 8 . 1  3 . 4 7 1  
1 3 0 . 6  2 8 5 . 3  3 . 5 0 5  
1 3 6 . 2  2 7 8 . 1  3 . 5 9 6  
1 4 2 . 0  2 6 8 . 7  3 . 7 2 2  
1 4 7 . 6  2 6 1 . 7  3 . 8 2 1  
153.9 253.2 3.949 
159.3 244.7 4.087 
1 6 5 . 1  2 3 8 . 5  4.193 
1 7 0 . 9  2 3 1 . 8  4 . 3 1 4  
1 7 6 . 7  2 2 6 . 3  4 . 4 1 9  
178.7 224.8 4.448 
1 8 0 . 6  2 2 1 . 3  4 . 5 1 9  
1 8 2 . 5  2 1 9 . 1  4 . 5 6 4  
1 8 4 - 3  2 1 8 . 1  4 . 5 8 5  
1 8 6 . 2  2 1 5 . 9  4 . 6 3 2  
190.1 211.1 4.737 
1 9 2 . 2  2 0 9 . 9  4 . 7 6 4  
1 9 4 . 3  2 0 7 . 7  4 . 8 I 5  
1 9 6 . 1  2 0 7 . 6  4.817 
1 9 8 . 0  2 0 5 . 2  4.873 
1 9 9 . 9  2 0 3 . 9  4 . 9 0 4  
202.0 202.2 4.946 
2 0 6 . 8  1 9 6 . 9  5 . 0 7 9  
2 1 3 . 8  1 9 2 . 2  5 . 2 0 3  
2 2 0 . 9  _  1 8 8 . 5  5 . 3 0 5  
2 2 4 . 8  I 8 3 . 8  5 . 4 4 1  
2 3 1 . 9  1 7 8 . 5  5 . 6 0 2  
2 3 6 . 9  1 7 6 . 1  5 . 6 7 9  
2 4 4 . 9  1 7 0 . 5  5 . 8 6 5  
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Table 10. (Continued) 
T e m p e r a t u r e  
OK. 
Xg X  106 
e m u / g r a m  
1 /  X g  X  1 0 - 3  
g r a m s / e m u  
251.0 1 6 6 . 1  6 . 0 2 0  
259.1 1 6 1 . 4  6 . 1 9 6  
267.2 156.4 6.394 
273.6 150.7 6. 6 3 6  
282.4 141.9 7.047 
289.5 134.7 7.424 
2 9 6 . 6  129.5 7.722 
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Table 11. Temperature dependence of the paramagnetic 
susceptibility of GdOl.49^; field strength = 
6,790 oersteds 
Temperature Xg x 10^ 1/ x 10"^ 
°K. emu/gram grams/emu 
4.2 
5 . 2  
9 . 4  
1 3 . 8  
18. 3  
22.0 
25.5 
31.2 
3 8 . 8  
4 5 . 1  
5 0 . 8  
5 6 . 7  
61.1 
6 4 . 5  
6 8 . 7  
7 3 . 2  
7 7 . 4  
84.6 
9 0 . 6  
9 6 . 3  
102.2 
104.1 
106.5 
108.8 
110.6 
112.6 
113.5 
114.4 
115.4 
116.7 
1412.2 
1408.2 
1291.5 
1134.8 
1 0 1 6 . 1  
942.5 
8 6 9 . 6  
773.4 
7 0 0 . 3  
632.5 
5 8 6 . 2  
5 4 0 . 2  
517.3 
498.0 
475.5 
452.9 
4 3 2 . 6  
4 0 5 . 1  
384.8 
367.1 
346.5 
3 4 1 . 0  
3 3 4 . 1  
3 3 0 . 3  
3 2 5 . 1  
3 2 3 . 0  
3 2 0 . 8  
319.2 
3 1 6 . 1  
.7081 
. 7 1 0 1  
.7743 
.8812 
.9841 
1 . 0 6 1  
1 . 1 5 0  
1 . 2 9 3  
1.428 
1 . 5 8 1  
1 . 7 0 6  
1 . 8 5 1  
1.933 
2.008 
2 . 1 0 3  
2.208 
2 . 3 1 2  
2.468 
2 . 5 9 9  
2 . 7 2 4  
2.845 
2.886 
2 . 9 3 2  
2.993 
3 . 0 2 7  
3.076 
3 . 0 9 6  
3.117 
3 . 1 3 3  
3 . 1 6 3  
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Table 11. (Continued) 
Temperature x 10^ 1/ Xg x 10"3 
°K. emu/gram grams/emu 
117.3 
119.3 
121.1 
123.0 
124.9 
125.8 
128.7 
130.6 
136.2 
142.0 
147.6 
153.9 
159.3 
165.1 
170.9 
176.7 
178.7 
180.6 
182.5 
184.3 
186 .2  
1 9 0 . 1  
1 9 2 . 2  
194.3 
196.1 
198.0 
199.9 
202 .0  
206.8 
213.8 
220.9 
224.8 
231.9 
236.9 
244.9 
314.5 
311.1 
307.3 
303.2 
299.0 
296.5 
293.3 
289.5 
280.6  
271.7 
263.3 
255.0 
247.1 
239.6 
231. 4  
22j.2 
222.9 
219.6 
218. 3 
217.3 
267.7 
210.5 
209.1 
205.8 
204.9 
203.5 
2 0 1 . 7  
201.1 
195.1 
189.3 
184.1 
180.4 
175.4 
172.5 
1 6 6 . 9  
3 .180 
3.214 
3 . 2 5 4  
3.298 
3.344 
3.373 
3.409 
3 . 4 5 4  
3 . 5 6 4  
3 . 6 8 0  
3.798 
3.921 
4.046 
4.174 
4 . 3 2 1  
4.440 
4.486 
4.554 
4 . 5 8 1  
4.602 
4 . 6 5 2  
4.750 
4.782 
4.859 
4.880 
4.914 
4.958 
4.973 
5.125 
5.283 
5.432 
5.543 
5.701 
5.797 
5.992 
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Table 11. (Continued) 
Temperature 
°K. 
Xg X 10^ 
emu/gram 
1/ X g  X  10-3 
grams/emu 
251.0 1 6 2 . 3  6 . 1 6 1  
259.1 1 5 8 . 1  • 6.325 
267.2 153.1 6.532 
273.6 148.2 6.748 
282.4 142.2 7 . 0 3 2  
289.5 138.3 7.231 
2 9 6 . 6  132.4 7.553 
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Table 12. Temperature dependence of the paramagnetic 
susceptibility of GdOi 495; field strength = 
10,040 oersteds 
Temperature Xg x 10^ 1/ Xg x 10"^ 
°K. emu/gram grams/emu 
4.2 
12.6 
17.5 
23.9 
28.8 
3 2 . 1  
36.7 
40.6 
4 3 . 8  
47.3 
51.7 
55.8 
59.8 
6 2 . 7  
66.1 
7 0 . 7  
73.8 
77.4 
84.6 
9 0 . 6  
9 6 . 3  
102.2 
104.1 
1 0 6 . 5  
1 0 8 . 8  
110.6 
112.6 
113.5 
1517.9 
1472.5 
1350.8 
1188.2 
1 0 6 0 . 1  
939.0 
851.1 
7 8 9 . 3  
789.3 
711.7 
6 7 5 . 2  
637.3 
599.2 
5 7 3 . 7  
5 3 6 . 8  
533.3 
5 0 9 . 9  
488.3 
424.1 
4 5 8 . 2  
4 2 7 . 1  
406.0 
3 8 7 . 5  
3 7 0 . 0  
364.2 
3 5 8 . 5  
3 5 1 . 0  
346.8 
3 4 1 . 6  
3 3 9 . 5  
. 6 5 8 8  
. 6 7 9 1  
.7403 
.8416 
.9433 
1 . 0 6 5  
1.175 
1.267 
1 . 2 6 7  
1 . 4 0 5  
1.481 
1.569 
1.669 
1.743 
1 . 8 6 3  
1.875 
1 . 9 6 1  
2.048 
2 . 1 0 9  
2.182 
2.341 
2.463 
2.581 
2.703 
2.746 
2.789 
2.849 
2 . 8 8 3  
2 . 9 2 7  
2.945 
Table 12. (Continued) 
101 
Temperature X g  x  10^ 1/ Xg x 10"^ 
°K. emu/gram grams/emu 
114.4 336.2 2.974 
115-4 335.3 2.982 
116.7 331.7 3 . 0 1 5  
117.3 331.1 3 . 0 2 0  
119.3 326.2 3 . 0 6 6  
121.1 322.3 3 . 1 0 3  
123.0 3 1 8 . 0  3.145 
124.9 313.1 3.194 
125.8 311.7 3 . 2 0 8  
128.7 3 0 8.4 3 . 2 4 2  
130.6 303.5 3.295 
136.2 .294.6 3.394 
142.0 2 8 3 . 9  3.522 
147.6 275.4 3 . 6 3 1  
153.9 2 6 6 .0 3.759 
159.3 2 5 5 . 8  3.909 
165.1 248.9 4.018 
170.9 241.0 4.149 
176.7 234.5 4.264 
178.7 2 3 1 . 8  4 . 3 1 4  
180.6 229.0 4.367 
182.5 2 2 7 . 0  4 . 4 0 5  
184.3 2 2 5 . 6  4 . 4 3 3  
186.2 2 2 3 . 6  4 . 4 7 2  
190.1 219.4 4.558 
192.2 2 1 6 . 3  4 . 6 2 3  
194.3 2 1 3 . 8  4.677 
1 9 6 . 1  212.8 4 . 6 9 9  
198.0 211.2 4.735 
199.9 209.8 4 . 7 6 6  
202.0 207.8 4.812 
206.8 202.3 4.943 
2 1 3 . 8  196.5 5.089 
220.9 191.3 5.227 
224.8 187.8 5.325 
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Table 12. (Continued) 
Temperature 
°K. 
Xg X 106 
emu/gram 
1/ Xg X 10-3 
grams/emu 
231.9 182.0 5.494 
236.9 179.0 5.586 
244.9 173.0 5.780 
251.0 169.1 5.914 
259.1 163.0 6.135 
267.2 159.4 6 . 2 7 3  
273.6 154.1 6.489 
282.4 149.2 6 . 7 0 2  
289.5 144.9 6.901 
296.6 140.4 7 . 1 2 2  
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Table 13» Temperature dependence of the paramagnetic 
susceptibility of ErO^^^gg; zero field 
measurements 
Temperature Xg- % 10^ 1/ % x 10"^ 
o S , g , K. emu/gram grams/emu 
1.34 1207.6 .8281 
1.78 1195.7 .8363 
2.17 1189.6 .8406 
2 . 5 8  1178.8 .8483 
2.99 1169.9 .8548 
3.41 1162.5 . 8 6 0 2  
4.2 1157.9 . 8636 
5.6 1114.1 .8976 
8.7 1050.9 .9516 
12.1 997.0 1.003 
15.9 939.0 1.065 
19.1 909.1 1.100 
22.1 852.5 1.173 
25.7 832.6 1.201 
30.0 801.3 1.248 
33.9 780.6 1.281 
38.3 742.9 1.346 
42.0 729.9 1.370 
46.9 698.8 1.431 
4 9 . 8  678.8 1.473 
5 2 . 8  668.4 1.496 
56.2 651.5 1.535 
59.0 6 3 6 . 5  1.571 
61.9 618.0 1.618 
64.6 605.0 1 . 6 5 3  
6 7 . 9  593.1 1.686 
71.1 580.4 1.723 
74.4 571.1 1.751 
77.4 558.0 1.792 
82.6 540.5 1.850 
104 
Table 13» (Continued) 
Temperature Xg x 10^ 1/ Xg x 10"^ 
°K. emu/gram grams/emu 
8 5 . 3  
88.0  
9 0 . 7  
9 3 . 3  
95.9 
9 8 . 5  
101.1  
1 0 3 . 7  
1 0 6 . 2  
108.8 
111.3 
1 1 3 . 8  
1 1 6 . 3  
118.8 
1 2 1 . 3  
1 2 3 . 9  
1 2 6 . 2  
1 2 8 . 7  
1 3 1 . 1  
133.6 
137.2 
140.8 
144. 5  
148.1 
151.7 
155.3 
158.9 
164.6 
168.4 
1 7 2 . 0  
175.5 
1 7 9 . 9  
182.6 
186.2 
190.9 
529.4 
519.5 
5 1 0 . 2  
5 0 4 . 8  
497.3 
486.8 
4 7 4 . 6  
4 6 3 . 2  
451.7 
4 4 3 . 6  
534.4 
4 2 7 . 0  
417.5 
4 0 9 . 8  
499.7 
3 9 0 . 2  
387.3 
3 8 6 . 1  
3 8 0 . 7  
374.7 
3 6 6 . 2  
356.5 
348.5 
3 4 0 . 5  
331.9 
3 2 2 . 9  
3 1 0 . 2  
295.6 
2 9 4 . 7  
2 9 0 . 4  
286.7 
282.0  
275.8 
272.0 
267.2 
1.889 
1 . 9 2 5  
1 . 9 6 0  
1.981 
2.011 
2 . 0 5 4  
2 . 1 0 7  
2 . 1 5 9  
2.214 
2.254 
2.296 
2.342 
2 . 3 9 5  
2.440 
2.502 
2 . 5 6 3  
2.582 
2 . 5 9 0  
2 . 6 2 7  
2.669 
2 . 7 3 1  
2 . 8 O 5  
2.869 
2 . 9 3 7  
3 . 0 1 3  
3 . 0 9 7  
3.224 
3.383 
3.393 
3 . 4 4 3  
3.488 
3 . 5 4 6  
3 . 6 2 6  
3.677 
3.743 
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Table 13» (Continued) 
Temperature X x 10^ 1/ X x 10 3 
o o 6 
K. emu/gram grams/emu 
195.6 2 6 3 . 1  3 . 8 0 1  
2 0 0 . 3  257.3 3 . 8 8 6  
2 0 5 . 0  2 5 4 . 2  3.934 
2 0 9 . 7  2 5 0 . 6  3.991 
214.4 2 4 5 . 3  4.077 
219.1 240.0 4 . 1 6 7  
223.8 234.3 4.267 
228.5 2 2 9 . 7  4.354 
233.2 224.8 4.448 
237.9 2 2 0 . 5  4.534 
242.6 2 1 5 . 2  4.646 
247.3 2 0 9 . 8  4 . 7 6 6  
252.0 2 0 2 . 1  4.947 
256.7 199.1 5 . 0 2 3  
2 6 1.4 195.5 5 . 1 1 6  
266.1 192.6 5.192 
2 7 0 . 8  189.6 5.274 
275.5 187.3 5.339 
2 8 0 . 2  I 8 3 . I  5 . 4 6 0  
285.0 181.3 5.515 
289.7 179.1 5.583 
294.2 175.7 5.691 
299.2 172.9 5.785 
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Table 14. Temperature dependence of the paramagnetic 
susceptibility of ErO-, rog; field strength = 
3,250 oersteds 
Temperature Xg. x 10^ 1/ x 10~^ 
o 
K. emu/gram grams/emu 
4.2 2666.7 . 3 7 5 0  
5.1 2571.3 . 3 8 8 9  
7.2 2254.3 .4436 
11.7 1868.8 .5351 
16.6 1571.3 . 6364 
2 3 . 8  1307.9 .7646 
31.9 1 1 1 2 . 5  .8989 
37.7 1 0 0 0 . 9  .9991 
43.1 898.5 1.113 
49.3 8I7.7 1 . 2 2 3  
57.0 757.0 1.321 
6 2 . 0  705.2 1.418 
69.0 6 5 0 . 2  1.538 
73.1 621.9 1.608 
77.4 595.2 1.680 
84.4 5 5 2 . 6  1.810 
9 0 . 8  521.3 1.918 
9 6 . 1  493.1 2 . 0 2 8  
101.9 469.8 2.128 
107.5 447.4 2.235 
114.3 423.6 2 . 3 6 1  
1 2 0 . 9  408.0 2.451 
127.5 38O.2 2.630 
134.3 3 6 2 . 6  2.758 
141.1 346.5 2.886 
147.6 334.1 2.993 
155.4 315.9 3 . 1 6 5  
1 6 3 . 2  294.3 3.398 
169.9 292.5 3.419 
171.9 287.1 3.483 
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Table 14. (Continued) 
Temperature 
°K. 
Xg x i o é  
emu/gram 
1/ Xg X 10-3 
grams/emu 
173.8 281.9 3.547 
175-7 2 7 8 . 7  3.588 
177.7 275.6 3 . 6 2 8  
178.7 271.4 3.685 
179.7 269.2 3.715 
1 8 0 . 6  268.5 3.724 
181.6 2 6 7 . 8  3.734 
184.7 2 5 8 . 2  3.873 
1 9 0 . 6  249.4 4.010 
1 9 6 . 6  243.9 4.100 
202.4 232,6 4.299 
2 0 8 .3 2 2 8 . 9  4.369 
214.1 2 2 2 . 9  4.486 
224.6 2 1 5 . 6  4.638 
231.1 209.2 4.7 8 0  
237.2 204.8 4 . 8 8 3  
246.2 2 0 1 . 5  4.963 
255.3 196.5 5.089 
2 6 6 . 5  185.9 5.379 
276.3 179.5 5.571 
2 8 6 . 5  1 6 5 . 0  6.061 
296.4 158.2 6 . 3 2 1  
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Table 15- Temperature dependence of the paramagnetic 
susceptibility of ErOi.^gg; field strength = 
6,780 oersteds 
Temperature x 10^ 1/ Xg x 10"^ 
°K. emu/gram grams/emu 
4.2 3987.2 . 2 5 0 8  
5.5 3551.1 .2816 
8 . 6  2 8 8 3 . 5  .3468 
12.2 2 3 9 4 . 1  .4177 
18.2 1870.5 .5346 
22.9 1612.4 .6202 
28.2 1 4 3 1 . 2  .6987 
34.2 1 2 2 1 . 9  .8184 
39.1 1114.2 .8975 
45.7 1 0 1 0 . 7  .9894 
50.9 935.1 1 = 081 
56.7 8 5 1 . 1  1.175 
62.2 778.2 1.285 
67.3 7 3 8 . 0  1.355 
7 2 . 6  688.2 1.453 
77.4 655.3 1.526 
84.4 604.7 1.654 
9 0 . 8  573.8 1.743 
9 6 . 1  541.3 1.844 
1 0 1 . 9  513.1 1.949 
107.5 489.3 2.044 
114. 3  464.0 2.155 
1 2 0 . 9  4 4 4 . 3  2 . 2 5 1  
127.5 416.2 2.403 
1 3 4 . 3  397.0 2.519 
141.1 380.6 2 . 6 2 7  
1 4 7 . 6  3 6 3 . 6  2.750 
155.4 344.5 2.903 
1 6 3 . 2  3 2 5 . 3  3.074 
169.9 319.0 3.135 
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Table 15« (Continued) 
Temperature 
°K. 
Xg X 106 
emu/gram 
1/ Xg X 10-3 
grams/emu 
171.6 3 1 0 . 6  3.219 
173.8 308.5 3.241 
175.7 303.8 3.292 
177.7 299.2 3.342 
178.7 2 9 8 . 3  3.352 
179.7 294.2 3.399 
180.6 2 9 1 . 8  3.427 
181-6 293.7 3 . 4 0 5  
184.7 2 8 0 . 8  3.561 
1 9 0 . 6  270.4 3.698 
1 9 6 . 6  262.4 3 . 8 1 1  
202.4 2 5 6 . 8  3.894 
2 0 8 .3 249.0 4.016 
214.1 243.3 4.110 
224.6 2 3 4 . 1  4 . 2 7 2  
231.1 2 2 7 . 1  4.403 
2 3 7 . 2  2 2 5 . 4  4.436 
246.2 218.6 4.574 
255.3 2 1 0 . 5  4.750 
266.5 205.3 4.871 
276.3 195.9 5 . 1 0 5  
286^5 182.2 5.488 
296.4 175.5 5.698 
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Table l6. Temperature dependence of the paramagnetic 
susceptibility of SrOi^^gg; field strength = 
10,040 oersteds 
Temperature / x 10^ 1/ x 10"^ 
o 
K. emu/gram grams/emu 
4.2 
6 . 8  
9.3 
11.7 
16.9 
21.6  
26.7 
30.4 
35.6 
40.0 
45.8 
51.3 
55.5 
59.6 
64.1 
68.0  
7 2 . 6  
77.4 
84.4 
9 0 . 8  
96.1 
101.9 
107.5 
114.3 
120.9 
127.5 
134.3 
141.1 
1 4 7 . 6  
155.4 
5396.6 
4147.6 
3138.7 
2 6 2 1 . 9  
2181.5 
1892.9 
1663.1 
1496.8 
1 2 9 6 . 5  
1221.6 
1100.7 
1001.0 
940.7 
871.1 
819.0 
784.9 
751.9 
7 0 6 . 1  
6 5 1 . 8  
616.0 
584.8 
555.3 
527.5 
5 0 1 . 8  
476.7 
4 5 1 . 6  
428.3 
407.1 
392.4 
3 7 2 . 2  
.1853 
.2411 
. 3 1 8 6  
.3814 
.4584 
. 5 2 8 3  
.6013 
. 6681 
.7713 
.8186 
.9085 
.9990 
1.063 
1.148 
1.221 
1.274 
1.330 
1.416 
1.534 
1 . 6 2 3  
1.712 
1.801 
1.896 
1.993 
2 . 0 9 8  
2.214 
2 . 3 3 5  
2.457 
2.457 
2.687 
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Table l6. (Continued) 
Temperature X x 10^ 1/ X_ x 10~3 
n ® 
K. emu/gram grams/emu 
1 6 3 . 2  3 5 2 . 1  2 . 8 4 0  
169.9 339.6 2.945 
171.9 333.9 2.995 
173.8 331.5 3.016 
1 7 5 . 7  3 2 6 . 8  3 . 0 6 0  
177.7 323.6 3.090 
178.7 319.6 3.129 
179.7 317.1 3.153 
1 8 0 . 6  3 1 5 . 9  3 . 1 6 5  
184.7 3 0 4 . 4  3.285 
1 9 0 . 6  2 9 2 . 8  3 . 4 1 5  
1 9 6 . 6  284.4 3.516 
202.4 275.2 3.634 
2 0 8 . 3  2 6 6 . 7  3 . 7 4 9  
2 1 4 . 1  "  2 6 0 . 6  3 . 8 3 7  
224.6 249.9 4.002 
2 3 1 . 1  2 4 4 . 9  4 . 0 8 3  
2 3 7 . 2  2 4 3 . 0  4 . 1 1 5  
2 4 6 . 2  2 3 6 . 0  4 . 2 3 7  
255.3 227.6 4.394 
2 6 6 . 5  2 1 7 = 6  4 . 5 9 5  
2 7 6 . 3  2 0 8 . 9  4 . 7 8 7  
2 8 6 . 5  1 9 2 . 1  5 . 2 3 0  
2 9 6 . 4  1 8 1 . 7  5 . 5 0 3  
